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Y HbEC @ Challenges and Opportunities » — -

for Electrolytes

Baseline Electrolyte: LiPF¢ in Carbonates (EC, DMC etc)

Charge

Electrolytes for Li Ion Battery (LIB) @ AR
- Higher Power Density el | ' | l
- better SEI on anode ey

- Higher Energy Density

« anodic stability on cathode e._
- SEI on alloy/conv.-rexn. chemistries e A
- Service temperature WAL\
- High temperature stability: automotive SRR . 8 |
- Low temperature: space, military e .
- Safety: Mﬁs 3y
- overcharge Protection N el M
- non-flammability Ranawt B

Electrolytes for Beyond Li Ion (BLI) Chemistries

- Non-Carbonate - Li/O,

- Solid Polymer _ - Li/S

« Ceramics q  Li/H,0
- Li Metal Protection * Na Ion
- Ionic Liquid - Mg Ion
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@ ﬁﬁtgg USABC Requirements »# — -

For LIB Electrolytes

Parameters SOA Desired
lon Conductivity >5 mS/cm (25 °C)
> 1 mS/cm (-30 °C) > 2 mS/cm (-30 °C)
Electronic Conductivity <10 S/cm
Li* Transference Number >0.35
Stability at Cathode >4.5Vvs. Li° >5.0Vvs. Li°
Viscosity <5cP (25°C)
< 50 cP (-30 °C) < 20 cP (-30 °C)
H,O < 20 ppm <5 ppm
HF <50 ppm <10 ppm
Vapor Pressure < 20 mHg <1 mmHg
Flash Point > 60 °C > 100 °C

Cost < $15/Kg < $10/Kg
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Y ADECOM ) Electrolyte Efforts at DOE ©

Electrolyte Projects within ABR/BATT (11)

Research Foci

» Argonne National Lab (ANL)

- Arizona State University (ASU) - Fundamental Understanding
 Army Research Lab (ARL)  SEI Additives
- Case Western Reserve University (CWRU) - High Voltage Electrolytes
* Idaho National Lab (INL) - Overcharge Protection

 Jet Propulsion Lab (JPL)

-  Low Temperature Improvement
- Lawrence Berkeley National Lab (LBNL)

 North Carolina State University (NCSU)  Solid Polymer
- Oak Ridge National Lab (ORNL) * Ionic Liquid
- University of Rhode Island (URI) - Electrolytes for BLI Chemistries

» University of Texas-Austin (UTA)

i i « Simulations
» University of Utah

- Materials Engineering

What differentiates ABR efforts from “other” electrolyte
researches

 Application-oriented
 Core facilities at National Labs
- Program-wide Standardized Tests
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Y rbEcom ) Sulfone-based Electrolytes”

- Advantage: exceptional anodic stability on cathodes
» Disadvantage: reduction at anode; high viscosity

- Super-ionic Good-ionic T ' ' ' ' :
= Liquids & solutions Liquids | EMS
.E {decoupled) , (full dissociation) Jrj
v P
: }
rd |
.g Super-ionic # Sub-ionic Liquids — ThE
8 Glasses . ” (associated, volatile)
¥ / 3 FS
olvent-co-solvent 5
’, Systems =
.7 . - g BS -
” Non-ionic (H-bonded) Liguids 5 /‘k 'm
&) =
Log fluidity 4 EVS £
2 %7— z
—— 1M LIPF, EMS §
1M LiTFSI FMS e ., | 8
— [| — 1M LiPF, Sulfolane 0 1 2 3
g —— 1M LiPF, Sulfolane-FMS (1:1 by wt) Voltage, V .
< 1k
£
h L W.E.: Pt Al _- :E
R.E., C.E.: Limetal 0] A Charge
Scan rate: TmV/sec - q(c) v Discharge
DI A e ——— L -ﬂlzlﬂl-dl.olal]lalﬁl"lm
3.0 35 40 45 5.0 55 6.0 6.5 cycle nu r
E (V) vs. Li/Li"
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Y #becom ) Sulfone-based Electrolytes” ~ .

- Advantage: exceptional anodic stability on cathodes
» Disadvantage: reduction at anode; high viscosity

. Super-ionic Good-ionic T T T T T T T

= Liquids & solutions Liquids

—E (decoupled) % (full dissociation)

- P

3 ¢

£ | Super-ionic ’ Sub-ionic Liguids

8 Glasses 'd {associated, volatile)

L R 3

# .

= olvent-co-solvent L]

’ sysfems ET

1M LITFSI FMS
[| —— 1M LiPF, Sulfolane

—— 1M LiPF, Sulfolane-FMS (1:1 by wt)

e
Q
2 1t
E

| W.E.: Pt

R.E., C.E.: Li metal

Scan rate: 1rl'nr\l,1’?sec . ; ggtgglge

] L  —— . . e e S e S e
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. Cycle number
E (V) vs. LilLi
%‘” Arizona State Univ. Argonne Nat'l Lab
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N RDECOM )pBifunctional Salt Anion: FRION 1121

Functionalize anions of new Li salt -
- FRIlon 2
- flame retardation =
» overcharge protection 8 ol
- chemical stability : ]
» thermal stability g |
B JLI008B1 JL3008B2 ]
II-" Ar gt B ot S ) L D S
~0 ‘G F, 6r )T
|| 3.2} T ‘ T ‘ 55 , . . . T T T .
O 2.8 ———————
L — E 4: _-'. ' | I A I A I A :"‘. I,-"1I I\ I CEIII #2 2
m1 _ % 3.6 f ’/ \\I |’/ "\Ilr’H \\I |/ \ ﬂfl_'/ "\' [ IHI(
= 3.2 - 5]
LI+ J{F;(é{}[} g E E )I L ,I L \I M I- L TI a1 . 1 . A ]
e 1 Cell #3 ]
N AVAVAVAVAN: 4ViVa g
3.6 LT w \ '- e Baseline
LICRBg: g: ' ‘ 1 W'..' | ‘ 151 . anSfE);(oAr
. L N TP TEPI TR I TR SR TP T 1.0 L] |
0 10 20 30 40 0 10 20 30 40 05
Cycling time (hour) ool 1

Case Western Reserve Cycle Number
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¥ RDECOM )Bifunctional Salt Anion: FRION © .

Functionalize anions of new Li salt -
- flame retardation = o
- overcharge protection % o
- chemical stability P
- thermal stability 7
] ™ e I o
O . 44T T T T T T o I ée III #1 Temperature (<C)

e Baseline
e CaseX
e LiOXBOAr

0 10 20 30 40 0 10 20 30 40 05
Cycling time (hour) y

Case Western Reserve Cycle Number
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M, BDEG@New Electrolyte Componenfs

Functionalized new Li salt anion
- oxalato-substructure incorporated
with PFg"

- higher thermal stability than PFg"

- positive effect on cell

O%—o;,,,EﬂF
o=—0" L ~F

Li*

0 10 20 30 40 50
T T T T T

45 - - 100
et TR R e
—k— L!PFB R 4095
——LiPF,(C,0,)

LiPF, charge Rl L PP
~#-- LIPF, discharge — b
—a—LiPF(C,0,) charge ]
-+ LPF(C,Q,) discharge
00 ; . ; . Ho7s
0 10 2 30 40 20
Cycle Number

I Univ. of Rhode Island

Rhods Hand PT: Lucht

Additives for Cathode-film

BOB or Lewis base as electrolyte
additives

- new interphase retains Mn better
- positive effect on half-cell at HT
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oLgo, o - A
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M BDEG@New Electrolyte Componenfs

Functionalized new Li salt anion
- oxalato-substructure incorporated
with PF;

- higher thermal stability than PFg"

- positive effect on cell

UPFcharge tedetdigasgn
~#-- LIPF, discharge

—4— LiPF(C0,) charge
LiPF(C,0,) discharge

T T T T T
0 10 2 30 40 20
Cycle Number

I yniv. of Rhode Island

UNINVERSITY F

Rhode Tsland PI: Lucht

New salt anion as hybrid of PF; and BOB
does combine benefits of both.

Lewis —base additive might mitigate the
free Lewis acid PF; in electrolyte.

Additives for Cathode-film

BOB or Lewis base as electrolyte
additives

- new interphase retains Mn better
- positive effect on half-cell at HT

C1s ¢cc O1s F1s P2p Mn 2p
\ToLgo, - !
Fresh CO TR om 1 —LiPOF, (
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Ll —uE
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% 100-
2.; b v STD
= 804 + 1%LBL1 v
§ | | e 1%LB2 v
8

Eu_

a0
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Y KbEcom Low Temperature

f Electrolytes

4.50

+ Discharge at 10.0A (4.5C Rate)
= Discharge at 12.5A (5.7C Rate)
» Discharge at 15.0A (6.8C Rate)

A Different Perspective from NASA

- Space mission requires energy-delivery at extra- ™ | ichrge t 2008 01 et

low temperatu res > . Dlecharee ot 25,08 (1.4C R
« -40~-60 °C

» Approaches: g %
- incorporation of carboxylic esters s Crrr—
® reStriCted use Of EC 0 1] 10 20 30 40p 50 60 70 80 90 100
- Challenges: maintain cycling stability at HT pereentotfosmemperure Copaety 4

A123 Systems Li-lon Cell
Carbon-LiFePO,
1.2M LiPFin EC+EMC+ME
(20:20:60)
+ 4% FEC

Cell Voltage (V)

2.50
Temperature = - 40°C
4.5
Quallion MCMB-LiNiCoAIQ, Lithium-lon Cell
4.0 JPL Low Temperature Electrolyte (EC+EMC+MP)
3.5 T T
=
30 <
s z
% 2.5 'Eg-
g 20 - 5 -
% s 1ce s o S MB Based.EIectronte
38 15 ac —— gt LFP Chemistry
‘o 3 o 5 Rate Cap at -40 °C
MP-Based Electrolyte [
0.5 NCA Chemistry
0.0 : Discharge at -40 °C
0 10 90
Percent of Room Temperature Capacity (%)

4.5C 5.7C 6.8C 8.0C 9.1C 10.20C  11.40C

Jet Propulsion Lab Discharge Rate
Jpl- PI: Smart WARFIGHTER FOCUSED.



Y Fbec @ Low Temperature

Electrolytes

% 100 % DOD Cycle Life at 23°C
- Cycle-life not impacted by these A123 Systems Lion Cells
carboxylates S
- Impressive life characteristics are g 20

observed at 230C, with ~ 8,000 cycles 2.
being demonstrated (100 % DOD : g s
cycling). The methyl butyrate-based 2 10— T emperature = 23
electrolytes delivers comparable : o - Coll ACC.07 - A123 Baseline
performance to the baseline electrolyte e
(> 819% of the initial capacity after b0

completing 8,000 cycles). 200
« HT (50 oC) stability B o lFero
« Cells containing the JPL developed A

electrolytes demonstrate good R N U v tiaiaraS 0
preservation of the low temperature

P e fAC e
- 4 = £ 4 __/‘_M-a_;.

Discharge Capacity (Ah)

1.50
capability after being subjected to high -20°
tem peratu re (I -e-, + 50°C)- 1.00 CI5 (50°C) or C/10 (-20°C) Charge Current to 3.60 V
C/50 Taper Current Cut-Off (0.044 A)
0.440 A Discharge Current (C/5)to 2.0V
Temperature = 50°C and - 20°C
0.50 s+ Cell AFC-04- EC+EMC+MP+FEC
+ Cell ACC-08- A123 Baseline Electrolyte
0.00 ‘ . . = : ‘
0 100 200 300 400 500 600 700

Cycle Number

Jet Propulsion Lab Discharge Rate Capability at -40°C
= PI: Smart WARFIGHTER FOCUSED.



Y Fbec @ Low Temperature

Electrolytes
o 100 % DOD Cycle Life at 23°C
« Cycle-life not impacted by these A123 Systems Liton Cols

carboxylates
- Impressive life characteristics are 200 %
observed at 230C, with ~ 8,000 cycles '

being demonstrated (100 % DOD

2.20A Charge Current (1.0 C Rate) to 3.60 V
Ci50 Taper Current Cut-Off (0.044 A)

Discharge Capacity (Ah)

cycling). The methyl butyrate-based R
electrolytes delivers comparable . - Cell ACG-07 - A123 Baseline

' + Cell AFC-07 - EC+EMC+MB+FEC
performance to the basellne eIectronte DO

(> 81%¢ ‘
complet Carboxylate addltlon clearly i |mproves LT rate capablllty

I NECE Compromise in HT performance mltlgated
« Cells co

' = - e -~ ‘ e
<< -’ = e e om
- qg_q___-_-___-i
eIectrontes demonstrate good z reEds g ,.’:. fore sy
preservation of the low temperature - | i
capability after being subjected to high 3 -20°
temperature (i-e-, +50°C). E 1.00 c15(sn;c;é:;::enr%zunr-;gxg::_g;ﬁc{:r;::;;:3.snv
a s e ™
0.50 + Cell AFC-04- EC+EMC+MP+FEC
+ Cell ACC-08- A123 Baseline Electrolyte
0.00 ; . . = . ;
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Cycle Number
Jet Propulsion Lab Discharge Rate Capability at -40°C
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Functionalized
Phosphazenes

- 1980s: Polyphosphazenes with EO linkage used as backbone of SPE
« 2000s: Functionalized phosphazenes used as flame-retardants

Stability and Safety
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High voltage additive with F-
alkyl
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 tendency to polymer exploited
 actual cell tests vary

* no obvious advantage to
phosphates or aluminates

Army Research Lab
PI: Jow/Xu ARL
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Functionalized

N ﬁﬁ%ﬂg@i}b

Phosphazenes

- 1980s: Polyphosphazenes with EO linkage used as backbone of SPE
« 2000s: Functionalized phosphazenes used as flame-retardants

Stability and Safety

| polymerizing i
| - attractive for SEI-film designers
Actual performance varies

High voltage additive with F-
alkyl

Phosphazene ring structure affords the possibility of

: '
bF, R

Heating Rate |Cfmin)

—S— BASELINE [2:8]

—— SAAE_ 14

—i- PhiL-2_1F

- tendency to polymer exploited
 actual cell tests vary

* no obvious advantage to
phosphates or aluminates

Army Research Lab
PI: Jow/Xu ARL

Idaho Nat’'l Lab
PI: Gering
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Y HbEcom Block Co-polymer Electrolyte » — -

: for Li-Metal Battery

Advantage: ® ° ¢ .0 09
* mechanical and conductive functions decoupled % : ': 0. O
- Li dendrite could be prevented 29 ¢ 008”0
° decent ion Conductivity Block Copolymer Electrolyte Membrane (SEO) I
Anode (Lithium Metal)
Dlsadva ntag e : Impermeable Pouch Material
* Ion conductivity could only allow for HT (60~70 °C) operation
- Anodic stability limit applied by EO-linkages
s et
1 \mn
high modulus high conductivity gao ! ’ pe el zig
P 4 ly by |12
o Sl S sl
H> y 1 11 21 31 41 s & 71 8 9
Block copolymer e
Block-copolymer Electrolyte:
of Styrene and EO SEO/LIiTFSi
| - I//.- - o
’\] ‘.’i‘; LB Nat'l Lab | *'U |
— PI: Balsara WARFIGHTER FOCUSED.




Y RDEC @

Block Co-polymer Electrolyte » — -

Advantage:

 mechanical and conductive functions decoupled
* Li dendrite could be prevented
- decent ion conductivity

A clever niche found for LFP vs. Li Chemistry

* < 4.0V stable region for EO links
- energy density compensation from metal Li

high modulus high conductivity
PS PEO
Ho Hy L
C C 0
s Bu/{/ \CHH \C/ H
H, 3
Block copolymer
Block-copolymer Electrolyte:
of Styrene and EO SEO/LIiTFSi
. ‘.”.‘.‘ LB Nat'l Lab |

for Li-Metal Battery

20068 ¢ 2 guyep
0... a0
Vo ve o 9 0

2°%¢%¢%0

Block Copolymer Electrolyte Membrane (SEO) II

Anode (Lithium Metal)

Impermeable Pouch Material

-
operation

160 1.01

140 110

i bbb ——| | o,

= 1 098
gmu | \ 057 §
5 A 5
g < 095 3
< 80+ =3
£ +Specific ) 1955
~ Charge capacity m
£ 60 1 (mAhlg) 1oos =
g_ A W Specific %‘
(E 40 4 [Dnlﬂir,r};.;r)g pacity | 1 0.935

:"5 20 . Coulombic 1092

by Efficiency 1 091

@
0 t t t t t t t 1 } 090
1 " 21 31 41 51 61 71 81 91
Cycle
WARFIGHTER FOCUSED.
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Y RDECOM Electrolytes for e

Li/S and Li Aqueous Chemistries

Dual-phase Electrolyte: Li protection Solid Electrolyte: Garnet
- anolyte: Li,S; insoluble; immobilized in structure

polymer gel - stable vs. Li

- catholyte: solubilize polysulfides *0>103S/cm
 thin/strong film
- Li/Br, cell

23 Dual-Phase Electrolyte garnet structure solid
electrolyte film

Y
221 Al foil
>

19 Single-Phase Electrolyte

1.7 T T T T

] 200 400 600 800

Sulfur Specific Capacity, mAh/g

=
ha

— Dual Phase Electrolyte Li-S Battery 40
. 25 um Li Anode Li° 3 38
£ 1500 March, 2011 Status ‘!J £ 38
z 10 pm Gel-Polymer Li® =
: \ th l] % 3
S 1000 1 No Li,8, Solubility wi =
E‘ y2010 smtﬁ' [ ; Liquid 1 Li” > 32
2 500 T 1} 3.0
< y2010 Target T T T T T T T

50 pm ik 2 4 8 ] 10 12 14
0 : : ; Porous Time {h)
0 50 Cycle 100 150) Carbon-Sulfur -
Anode specific capacity vs cycle cathode UT-Austin '
. with Liquid 2 .
. o PI: Goodenough
2S10N Sion Power S
POWER PI: Mikhaylik s LiSy LS LiS; LiS; LiS, LS WARFIGHTER FOCUSED.
4




Y RDECOM Electrolytes for e

f Li/S and Li Aqueous Chemistries

Dual-phase Electrolyte: Li protection Solid Electrolyte: Garnet
- anolyte: Li,S; insoluble; immobilized in structure

polymer gel - stable vs. Li

- catholyte: solubilize polysulfides -5 >103S/cm
 thin/strong film
- Li/Br, cell
E': /Dual-Phase Electrolyte J Li after cycling “’:ﬁ;‘;‘; ;::;;::H J
18 Single-Phase Electrolyte 17‘ . : : ) B
s Li metal protection still the
| e _ key in realizing Li/S chemistry
25 um Li Anode Li° 3 38
g 1500 March, 2011 Status ‘!J ;_,“I 36
§ 10 pm Gel-Polymer Li* =
'%muu-*l : e ith l] % 34
§ -y201ostat£, » ] No Li,S, Solubility Li\::’ltid1 H, g -
2 500 | 1} 3.0
) . 50 pm Li~ 2 4+ e 'r.mi {h) ooz
0 . . - Porous
Ancnr:e speciﬁciapacl?tey v:::ycle 8 carg;ﬂ;::gur UT-Austin Y
| v T PI: Goodenough
2S10N " Sion Power Dissharge 9
|}l PI: Mikhaylik S LS LS, LS, s, LS, Uis WARFIGHTER FOCUSED.
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Y RDECOM

Electrolytes for

g5 ¥ |

Li/S and Li Aqueous Chemistries

Dual-phase Electrolyte: Li protection

- anolyte: Li,S; insoluble; immobilized in

polymer gel

- catholyte: solubilize polysulfides

Dual-Phase Electrolyte

v

Single-Phase Electrolyte

e
=

T T T T
o 200 400 600 B00
Sulfur Specific Capacity, mAh/g

2000

g
£ 1500 March, 2011 Status
z
=3
2 |
3 i
9 1000 4f
£ 7 |
g y2010 Status [l
2 500 I
< Y2010 Target

0 T T

o 50 Cycle 100

150

Li metal protection still the
_key in realizing Li/S chemistry

- Li after cyCIi ng

Anode specific capacity vs cycle.

2S10N " Sion Power
POWE R PI: Mikhaylik

25 um Li Anode Li°
H
10 pm Gel-Polymer Li®
No Li,S, Solubility with l]
Liquid 1 Li*
14
+1
50 um Li*
Porous
Carbon-Sulfur
Cathode
with Liquid 2
Charge
Discharge

Sy LiSs Li;Ss Li>Ss LipS; LizS: LisS
4

Solid Electrolyte: Garnet
structure

- stable vs. Li
«c>103S/cm
 thin/strong film

- Li/Br, cell

- unaesnu
Scale-up and cost_-

3 38-
= 4
g 364
=

2 344
a ]
2 32
3.0-

2 4 6 8 10 12 14
Time {h)
UT-Austin

s
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M, ﬁﬁtg@ High Voltage Electrolyte: » — -

Additive Approach

Additive Approaches T —
- maintaining bulk electrolyte Bk
composition

- sacrificial additives dictates “r
interphasial chemistry

- fluoroalkyl phosphates identified as
first family of such additives asf

o
o

with 1% ARL-3 on Lili_Mn O
aE 14 4

i 1.0m LiPF, in EC/EMC {31:70)

Voltagerv
-

oo
()
T

1.0m LIPF_In
I !
on LINI

VoltageV
-

0 0.5 1 15
Capacity/mAh

] 0.5 1 1.5

SOA + 1% HFiP
\ SOA

ARL LiCoPO4 (4.80 V) (J. Allen)

1.2

0.8

0.6

Capacity ([percent of initial)

0.4

Capacity Retention

g o]

0.2

100 200 300 400 500 600
Cycle Mumber

100 150 200 250 300 350 400
Cycle Number

Army Research Lab
AR PI: Jow/Xu WARFIGHTER FOCUSED.



e Full Cells Confirmation —_—
¥ RDEC Dcale-uplCharacterization/Design of ~

New Additives

Full Li-ion i RT LMNO spinel (ARL2) vs. Graphite (ARL2)
u on Cell at formation, 1C, 3.5 to 4.95V,

BatCell, HVP/B2Cu, GF, RT
1.2M LiPFG in EC/EMC 3.7

— blank
0.3 wt% HFIP (sublimated, ex ARL)

Confirmation from

industry partner
« CE% ~ 99.87% Results confirmed in full Li ion cells

, . LMNO cathode and Graphite anod
Large cell configuration
"0 50 100 150 200 250 Longevity cycling at RT

Cyde Number CE% approaching the goal of 99.99¢

Capacity Retention

HFiP
scaled-up
at ANL
facility
POC: Dr.
Krumdick

A
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0 1 1 1 1
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Anode in Baseline (1.0 m LiBF AIECIEMC)
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CF; CF;
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—e— Anode in Baseline with 5 mM HFiP
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e Full Cells Confirmation —_—
RDECOMNM ))Scale-up/Characterization/Design of ~

New Additives

| - - LMNO spinel (ARL2) vs. Graphite (ARL2)
S Full Li-ion Cell at RT formation, 1C, 3.5 to 4.85V,
=] BatCell, HVP/B2Cu, GF, RT
5 B =T 1.2M LiPF6 in EC/EMC 3.7
whd
w =
ot — — blank
> _--—""‘—"é__ 0.3 wi% HFiP (sublimated, ex ARL)
'S | Confirmation from
g industry partner
o e CE% ~ 99.87% Results confirmed in full Li ion cells
O

NO cathode and Graphite anod
ell configuration

Capacity fading at HT still an issue ey ovelioe ot RT
- involving both electrode and electrolyte T LIY L ELRED
Better additive to be developed.

F.C. CFs FiC. CFs
HFiP N - X
Cathode in Baseline (1.0 m LiBF AIEC/EMC)
Scaled'up —-—énohdedin Bi.selinle with ﬁr;‘M “I;I":i . FsC o g o CF, E:;Fi O\P/o CFC3F3
—o— Cathode in Baseline wit m i U= Iz \
at ANL - J) N SN
HH I T F F F5C {0) (0] C
facility L | ] ’ ’ : \fl’lx /l’/
POC: Dr. o i | F,C CF, CF, c|, N c|’ . |£;|:3
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' : ‘ 1 cr, ¢ PNF-2
: - " FiC cF; AI(HFiP) CF; CF,
0 1 1 1 ® ‘ —— \P/ T
AR l 305 300 295 290 285 280 275 FC N~ XIN cF,

C1s Binding Enenrgy Fsz/O\jJ)\Wi/O\gs o~ I\o
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Capacity Retention (%)

Capacity (mAh)

High Voltage Electrolyte: Solvent Approach
Improved stability at 55°C demonstrated using LiNi, sMn; sO,/LTO chemistry

Interfacial issue with graphite anode at high temperature

Electrolyte formulation and/or new SEI formation: further improve the high V. performance
Intrinsic stability combined with kinetic stability on both electrode/electrolyte interfaces
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LTO/LNMO Couple
(3.45-2.0V)
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Graphite/LNMO Couple
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New Electrolytes: EC-Derivatives

Investigate novel electrolytes that include glycerol carbonate, and its modifications: methyl,
ethyl ethers, and oligo(ethylene oxide) ethers.
= Stability issues on both electrode
= Li salt effect on SEI formation

Glycerol carbonate
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New Electrolytes: EC-Derivatives

Investigate novel electrolytes that include glycerol carbonate, and its modifications: methyl,
ethyl ethers, and oligo(ethylene oxide) ethers.
= Stability issues on both electrode

= Li salt effect on SEI formation

Glycerol carbonate
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Graphite vs. LilLi*
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Modified glycerol carbonate

Structure modification of GC showed improved compatibility on
both electrode.

Cycling performance needs to be improved at RT.
SEI additives are mandatory for both electrodes.
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Electrolyte Additives: (1) Low Voltage Redox Shuttle

Redox shuttle additive to prevent cathode reaching dangerously high potential

« Symmetrical structure with oligo(ethylene glycol) chain: high stability and high solubility.
« Reversible redox at 4.0V vs Li/Li*: suitable for LiFePO, chemistry
* No interfere with bulk electrolyte.

« Reduce cost by simplifying the BMS: 10% reduction estimated by BatPaC v1.0.
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Electrolyte Additives: (2) Medium Voltage Redox Shuttle

Molecular Engineering to raise the redox potential for 4V LiMO, (M=Mn, Ni, Co) cathodes
« Tunable redox potential by structure modification.

« Variety of active redox centers: benzene or borate cluster

« Electron-withdrawing substitution: lower the HOMO energy, thus increase the potential
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Electrolyte Additives: (3) High Voltage Redox Shuttle

Molecular Engineering to further raise the redox potential for high voltage cathodes (LNMO)
« Introduce strong electron-withdrawing group to further lower the HOMO energy
» Overcharged protection at 4.8V vs Li/Li* demontrated.

 Performance degradation due to the possible electrolyte instability at high redox potential
» Need high voltage electrolyte to full identification

0
o)
OMe o) P & o
- \/\O/q O\X ‘ o \o ( | /\P \\/o\/
/ 0
MeO A0 Yo I

48— L0001 1 )
—  _DBDPB /‘\7 1 charg-over

4.6 disch-over
. s charg
4.4 ° disch
/ 42 :
a c
E=(Ep +Ep )2

= 4.8 Vvs Li/Li >
4.0 44 4.8 52 34

05 00 05 10 15 20 25 30 35
Voltage (V) Capacity, mAh

N
T

w

& Graphite/LiMn,0, cell

1.2M LiPF6 in EC/EMC
w/ and w/o 5% RS6
C/10 rate

Current (1e-5 A)

S

Votlage, V

4.0+

3.84

Single crystal structure

CV profile in Gen2 electrolyte Overcharge test

Argonne Nat’'l Lab LiMn,O,/Gen2 electrolyte
PI: Amine/Zhang

'




Electrolyte Additives: (3) High Voltage Redox Shuttle

Molecular Engineering to further raise the redox potential for high voltage cathodes (LNMO)
« Introduce strong electron-withdrawing group to further lower the HOMO energy

» Overcharged protection at 4.8V vs Li/Li* demontrated.

 Performance degradation due to the possible electrolyte instability at high redox potential

» Need high voltage electrolyte to full identification
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Many advantages to apply redox shuttle in PHEV batteries
(overcharge abuse tolerance, low cost, cell self-balancing...)

Heat generation during overcharging process.
Need to be coupled with Thermal Management System to dissipate
heat, especially under high current overcharging abuse!
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Electroactive Polymer for Overcharge Protection

Incorporating electroactive polymer for overcharge protection

= Reversible redox reaction accompanied by drastic change in electronic conductivity

= Resistive internal short providing a current bypass; the cell potential within a safe range

= Good rate capability (5C) achieved for fiber-based composite separator

= \Versatile as cell holding potential is varied by the choice of polymer, polymer morphology
and distribution, system configuration; Capable of low temperature protection
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Electroactive Polymer for Overcharge Protection

Improvement on protection stability was achieved on highly uniform electroactive-fiber composite separators
prepared by electrospinning. Most stable reversible overcharge protection in several cell chemistries was

demonstrated.
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Scale-up feasibility was demonstrated on larger-sized pouch cells.
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Electroactive Polymer for Overcharge Protection

Improvement on protection stability was achieved on highly uniform electroactive-fiber composite separators
prepared by electrospinning. Most stable reversible overcharge protection in several cell chemistries was

demonstrated.
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Complexity for incorporation into the cell (separator)

Heat generation also a potential issue
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Electrolyte Additive: SEI Formation Additive

SEI formation additives to stabilize the anode/electrolyte interphase
= Quantum chemical calculation (DFT and MD): reduction potential, SEI formation pathway
= Empirical rule to narrow down the selection: unsaturated bonds and functional groups

= Reductively decomposed in a preferential pathway
= Electrochemical performance vaIidation

dianion dimer

Argonne Nat’l Lab
PI: Zhang
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Electrolyte Additive: SEI Formation Additive

Inorganic SEI formation additive: LTFOP and LTOP
» Extended cycle life at elevated temperature

« Improved calendar life; minimal impedance increase before and after cycling
« Thermally stable SEI formation, enhanced cell safety
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Electrolyte Additive: SEI Formation Additive

Inorganic SEI formation additive: LTFOP and LTOP

» Extended cycle life at elevated temperature

« Improved calendar life; minimal impedance increase before and after cycling

« Thermally stable SEI formation, enhanced cell safety
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Highly Accurate Quantum Chemical Modeling: Discovery and
Understanding of Electrolyte/Additive

Reduction/oxidation/potentials: Accurate calculation of electron affinity (ionization potential) + inclusion of solvation effects using a
continuum model/explicit solvent molecules
Energetics of reaction pathways for decomposition of additives for electrolytes

SEI growth from decomposition of the additives: Periodic DFT studies; polymerization of decompositi
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Highly Accurate Quantum Chemical Modeling: Discovery and
Understanding of Electrolyte/Additive

Reduction/oxidation/potentials: Accurate calculation of electron affinity (ionization potential) + inclusion of solvation effects using a
continuum model/explicit solvent molecules

Energetics of reaction pathways for decomposition of additives for electrolytes
SEI growth from decomposition of the additives: Periodic DFT studies; polymerization of decompositiGa
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Concluding Remarks

As an indispensable component in LIB, electrolytes dictates the cell
performance such as rate capability, high temperature performance
and safety.

High voltage electrolyte has made great progress; More efforts are
needed to tackle the practical application at extreme conditions.

Non-flammable electrolyte will be another research focus to
enhance the cell safety and requires validation in large format cells.

Electrolyte/additive research on high capacity anode (Si, Sn, and
alloy) is equally important.

Quantum chemistry simulation will help for the electrolyte design.
However, real property still needs to be validated by combining
electrochemical testing.
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